Signal recognition particle (SRP) is a cytoplasmic ribonucleoprotein required for targeting a subset of presecretory proteins to the endoplasmic reticulum (ER) membrane. Here we report the results of a series of experiments to define the function of the Schizosaccharomyces pombe homolog of the 54-kDa subunit of mammalian SRP. One-step gene disruption reveals that the Srp54 protein, like SRP RNA, is essential for viability in S. pombe. Precursor to the secretary protein acid phosphatase accumulates in cells in which Srp54 synthesis has been repressed under the control of a regulated promoter, indicating that S. pombe SRP functions in protein targeting. In common with other Srp54 homologs, the S. pombe protein has a modular structure consisting of an amino-terminal G (GTPase) domain and a carboxyl-terminal M (methionine-rich) domain. We have analyzed the effects of 17 site-specific mutations designed to alter the function of each of the four GTPase consensus motifs individually. Several alleles, including some with relatively conservative amino acid substitutions, confer lethal or conditional phenotypes, indicating that GTP binding and hydrolysis are critical to the in vivo role of the protein. Two mutations (R to L at position 194 [R194L] and R194H) which were designed, by analogy to oncogenic mutations in ras, to dramatically decrease the catalytic rate and one (T248N) predicted to alter nucleotide binding specificity produce proteins that are unable to support growth at 18°C. Consistent with its design, the R194L mutant hydrolyzes GTP at a reduced rate relative to wild-type Srp54 in enzymatic assays on immunoprecipitated proteins. In strains that also contain wild-type srpS4, this mutant protein, as well as others designed to be locked in a GTP-bound conformation, exhibits temperature-dependent dominant inhibitory elects on growth, while a mutant predicted to be GDP locked does not interfere with the function of the wild-type protein. These results form the basis of a simple model for the role of GTP hydrolysis by Srp54 during the SRP cycle.
The signal recognition particle (SRP) serves as a biological adaptor between the cytoplasmic machinery for protein synthesis and the translocation apparatus of the endoplasmic reticulum (ER) (for reviews, see references 31, 59, 70, and 82) . SRP recognizes ribosomes translating proteins destined for export from the cytoplasm via the ER by virtue of their hydrophobic signal sequences, usually located at the amino terminus. Association of SRP with the ribosome transiently halts elongation of the nascent polypeptide at natural translational pause sites (107) , preventing synthesis of the completed protein in the cytoplasm. Upon reaching the cytoplasmic face of the ER, the SRP-ribosome-nascent chain complex first interacts with a heterodimeric membrane protein known as the SRP receptor (32, 42, 95) or docking protein (51) . Following release of the signal sequence by SRP, the particle is liberated from its receptor and recycled to participate in another round of targeting. Finally, a tight junction between the ribosome and protein components of the ER is formed (23, 90) , and translation resumes concurrently with translocation of the presecretory protein across the membrane. Despite intensive biochemical investigation of SRP-mediated protein targeting for over a decade, the mechanistic details of the individual steps in the SRP cycle remain to be elucidated. Canine SRP, the first homolog identified, is a stable 11S ribonucleoprotein composed of one ca. 300-nucleotide RNA molecule (103) and six polypeptides, designated Srp72, Srp68, Srp54, Srpl9, Srpl4, and Srp9 on the basis of their apparent molecular weights (102) . The sequences of cloned cDNAs encoding each protein component of mammalian SRP have now been reported (11, 37, 46, 48, 74, 92, 93) . Of these, by far the most extensively characterized is the Srp54 protein, for which homologs in a variety of other organisms have been identified. In addition to the two mammalian cDNAs, SRP54 genes in the bacteria Escherichia coli (references 11 and 74 and references therein), Bacillus subtilis (39) , and Mycoplasma mycoides (80) and the yeasts Saccharomyces cerevisiae and Schizosaccharomyces pombe (3, 34) have been identified, and cDNAs for both the cytoplasmic and the chloroplast forms from a plant, Arabidopsis thaliana (30, 45) , have been isolated. SRP RNA homologs in an even more diverse spectrum of organisms, including representatives of the archaea and bacteria (formerly designated archaebacteria and eubacteria, respectively [106] ), as well as a variety of eukaryotes (reviewed in references 2 and 41), have been identified. Several recent reports demonstrate that secretary protein precursors accumulate in vivo upon depleting components of the E. coli, B. subtilis, and S. cerevisiae particles (35, 39, 63, 66, 73) .
Comparative sequence analysis, together with the results of partial proteolysis of the mammalian homolog, indicates that the Srp54 protein consists of two structurally distinct domains (75, 109) . The carboxyl-terminal M domain, so named because it is rich in methionine (11) , binds directly to SRP RNA (75, 109) and can be photochemically cross-linked to a signal sequence (38, 47, 109) . The amino-terminal region is designated the G domain on the basis of the presence of the four consensus motifs that define the GTPase superfamily (11, 74) , which includes small ras-related proteins, a variety of transla-tion factors, and the ot subunits of heterotrimeric G proteins (reviewed in references 13, 14, and 97) . A vast body of biochemical and genetic evidence supports the idea that these proteins employ a common mechanism to regulate a variety of biological processes (reviewed in reference 13). High-resolution crystal structures reveal that although these motifs are short and the amino acid sequences between them are generally not conserved, they are embedded within very similar tertiary structures even in highly divergent proteins. For example, the GTP-binding domains of ras, EF-Tu, and transducin-ax, which are only 16 to 18% identical in their primary sequences, are virtually superimposable (57, 98) . The four conserved motifs cradle the bound GTP molecule and serve to position critical residues for guanine ring and phosphate binding and 1--y phosphate bond cleavage (57, 62, 69) . The pattern of amino acid sequence conservation in SrpS4 places it in a branch of the GTPase superfamily with few as yet discovered members (reviewed in references 2 and 14), including such diverse proteins as dynamin, the mammalian homolog of Drosophila shibire, which participates in receptor-mediated endocytosis (36, 99) ; the yeast vacuolar protein sorting factor Vpsl (77) ; and a B. subtilis protein required for flagellar function (17) . Notably, the G domain of Srp54 shares extensive homology with the G domain of the ot subunit of the SRP receptor (SRot) even outside the GTPase consensus motifs, suggesting that they interact with one or more common partners during the SRP cycle (discussed further in reference 2). The second subunit of the SRP receptor, SRO3, also contains GTPase consensus motifs, but these are more closely related to those of classical G proteins involved in signaling pathways (unpublished data cited in reference 61).
Since it has been known for some time that GTP is required for ER import (19) and GTPase consensus motifs are present in at least three proteins that function in the SRP pathway, the events that set the stage for protein translocation are likely to be controlled by a cascade of GTP hydrolysis reactions. Data from in vitro reconstitution assays indicate that nonhydrolyzable analogs of GTP stabilize the association of SRP with the membrane (20, 22) , implying that GTP hydrolysis is required for dissociation of SRP from its receptor or an event that precedes this step (see Discussion). Using an in vitro membrane repopulation assay, it has been shown that site-specific mutations in the GTPase consensus motifs of mammalian SRa disrupt its function (71) . Although photoaffinity labeling in vitro demonstrates that Srp54 and both subunits of the SRP receptor are GTP-binding proteins (20) , GTP hydrolysis by mammalian Srp54 could be detected only in the presence of the SRP receptor and SRP RNA (21, 53, 54, 66) . In contrast, the M. mycoides Srp54 protein displays readily detectable GTPase activity in the absence of other factors (81) . The apparent discrepancy between kinetic parameters for the bacterial and mammalian proteins remains unexplained.
Earlier work demonstrated that S. pombe Srp54 is contained within a ribonucleoprotein with a sedimentation coefficient, chromatographic properties, and subunit composition similar to those of the canine particle (15, 67, 86) . In this report, we first show by disruption of the srp54 gene that the protein it encodes is essential for growth in S. pombe, in contrast to its dispensability in S. cerevisiae (35) . Second, the consequences of repressing Srp54 synthesis imply that the indispensability of Srp54 can be attributed to its role in secretion. Finally, the early suggestion that Srp54 is not an active GTPase (22) and subsequent difficulties arising from the undetectable GTPase activity of the mammalian homolog in the absence of another protein composed of two GTPases (54) prompted us to study the role of this protein by using genetics. To this end, we have analyzed the effects of a variety of amino acid substitutions, designed by analogy to Ras and other extensively studied GTPases, to disrupt the function of each of the consensus motifs individually. The severity of the phenotypic consequences of these mutations implies that GTP hydrolysis, probably by a mechanism similar to that of Ras, is required for Srp54 function in vivo. The pattern of dominance displayed by our mutants leads us to propose a specific model for the role of GTP hydrolysis by Srp54 in the SRP cycle. Cloning and disruption of the srp54 gene. In general, recombinant DNA manipulations were performed by methods described by Sambrook et al. (79) . The srp54 gene was originally isolated on a plasmid carrying a 3-kb Sacl genomic fragment in which little S. pombe DNA flanked the coding sequence, particularly at its 3' end (34) . Since extensive tracts of homology (preferably >1 kb) are generally required for efficient chromosomal replacements in S. pombe (78) , it was necessary to isolate the gene on a larger fragment prior to disrupting it. To this end, 36 genome equivalents (36,000 plaques) of a X-DASH library constructed in our laboratory (88) were screened with a DNA fragment corresponding to the M domain of the protein generated by PCR amplification with the SP54M1 and SP54M2 primers (86) and labeled by using the Multiprime system. The probe hybridized to 39 plaques, suggesting that the gene is present in a single copy per genome. All three isolates chosen for further characterization had overlapping restriction maps. Positively hybridizing plaques were analyzed by restriction digestion followed by Southern blotting to locate the srp54 gene. Finally, a 5.8-kb EcoRI fragment containing the coding sequence was subcloned into pTZ18U to create pTZSP54, which was used for subsequent manipulations.
MATERIALS AND METHODS
To create a null allele for disrupting the srp54 gene, the 3' ca. 60% of the coding sequence and 193 bp of 3'-flanking sequence were deleted by excising a 1.1-kb NheI fragment and ligating together the complementary ends. This plasmid, designated pTZSP54-A, was linearized with NheI, the overhanging ends were filled in with Klenow fragment, and the plasmid was recircularized with an XhoI linker. An XhoI-SalI fragment derived from the plasmid YEp13 and containing the S. cerevisiae LEU2 selectable marker, which complements fission yeast leul mutations (78) , was then inserted at the XhoI site. The resulting plasmid, designated pTZSP54::LEU2, was digested with BglII, and the 5.2-kb fragment containing the disrupted gene was gel purified. The fission yeast strain Sp629 (ade6-M210/ade6-M216 ura4-/ura4-leul-32/leul-32), which can be maintained as a stable diploid through interallelic complementation at the ade6 locus (1), was transformed with the linear fragment by the lithium acetate method. Screening for stable integrants, random spore analysis, and Southern blotting to confirm that the correct gene replacement had occurred were performed essentially as described earlier (68) . The diploid strain heterozygous for gene disruption at the srp54 locus was designated SpAS1.
Plasmid construction and mutagenesis. To create the pSP54-U plasmid to be used in complementation assays, the LEU2 marker in the S. pombe-E. coli shuttle vector pIRT2 (78) was first replaced with ura4 (7) to create pURT2, which is equivalent to pIRT5 (55) . A 4.2-kb BglII fragment carrying the wild-type fission yeast srp54 gene from pTZSP54 was then inserted at the BamHI site to yield pSP54-U. Mutagenesis of the srp54 gene was carried out by using the Amersham mutagenesis system essentially as previously described (44, 87) . Single-stranded phagemid pSP54-U template DNA was prepared from E. coli NM522 by using M13K07 helper phage (Promega). Since pSP54-U is very large (11.7 kb) and the Ncil site used for nicking the wild-type strand is distant from the position of the mutations being made, the time for exonuclease digestion of the parental strand was increased to 60 min. The sequences of the oligonucleotides used for mutagenesis are as follows: region G-1, 54Q11OX, 5' GTAGGT'l'A(G/A)(G/A) AGGCAGTGGTAAAACG 3' (creates Q11OG/E/IR/K); BoxI, 5' CAGTGGT(A/G)GAACGACAACATG 3' (creates K114R/ G); and T15N/S, 5' CAGTGGTAAAA(A/G)TACAACATG CTC 3'; region G-2, D138N, 5' GGTTGCTGCCAATAC'l'l' CCG 3'; region G-3, R194HIL, 5' GATACATCTGGTC(A/T) CATCAGCAGGAGC 3'; R194Q/E, 5' GATACATCTGGT (G/C)A(A/G)CATCAGCAGGAGC 3'; and BoxII, 5' CATCG TTAATACATCT7GG 3' (creates D19ON); and region G-4, 7248X, 5' ATAATCA(A/G)(C/G)AAATTGGGC 3' (creates T248N/S/K/R). Transformants were screened initially by restriction mapping and then by double-stranded sequencing with a Sequenase version 2.0 kit from United States Biochemicals. The degenerate oligonucleotides used to make mutations in each region were used to sequence the mutations in the nearest downstream region, except in the case of the G-1 motif, for which an upstream sequencing primer (54Seql, 5' GAC CCTAAAGTTGATGC 3') was required.
A plasmid in which the srpS4 coding sequence was inserted between the nmtl promoter and the polyadenylation signal was constructed as follows. ABamHI site was first created at the 3' end of the gene in pSP54-U by using the oligonucleotide SrpS4 3' BamHI (5' GAAGACGTTAGGATCCT[CCCTCGTTA 3') by site-specific mutagenesis followed by creation of an NdeI site precisely at the ATG initiation codon by site-specific mutagenesis with SrpS4 S'-NdeI (5' TTAATCTGACCATATG GY'l'''G 3'). The NdeI-BamHI fragment was then excised and subcloned into the same sites of pREP2, pREP42, and pREP82 (plasmid series marked with the ura4 gene [9] ). The resulting plasmids, designated pREP254, pREP4254, and pREP8254, were then transformed into a haploid strain carrying the chromosomal disruption allele (leu2::srpS4) covered by a wild-type allele on an ade6 plasmid (pSP54-A [see below]). After ca. five generations of growth in EMM2 liquid medium containing adenine to allow the wild-type gene to be lost, red (Ade-Ura+) colonies were isolated on EMM2 plus minimal adenine (10 mg/liter) plates. We refer to this technique as reverse plasmid shuffle. The strains carrying the null allele marked with LEU2 covered by ura4-bearing pREP(X)54 plasmids were then maintained on minimal media lacking thiamine.
A plasmid for expressing the S. cerevisiae SRPS4 gene (provided by B. Hann and P. Walter) in S. pombe was constructed by inserting the 2.3-kb SacI-BamHI fragment from the plasmid pRS316 (35) into the pURT2 fission yeast shuttle vector described above.
In vivo 35S labeling and translocation assays. In vivo labeling of proteins was begun by growing 50-ml cultures of pREP4254 and pREP8254 to an optical density at 600 nm (OD600) of 1.0 in EMM2 plus adenine at the normal growth temperature (30'C). The cells were then subcultured into 500 ml of EMM2 plus adenine with or without 5 mM thiamine (vitamin B1) at an OD600 of 0.03, and growth was monitored by measuring the OD600. At three time points, 5 OD units were removed to a sterile 50-ml disposable Corning tube and collected by centrifugation at 5,000 X g for 3 min at the ambient temperature. The cells were resuspended in 5 ml of fresh media and pulse-labeled with 250 puCi of Tran-35S-Label per ml (22.5 jud) for 10 min at 30'C with shaking. To terminate the pulse, 5 ml of ice-cold 20 mM NaN3 was added to each tube, which was then incubated on ice for 5 min. The labeled cells were collected by centrifugation as described above, and the pellets were resuspended in 500 ,ul of trichloroacetic acid (TCA) lysis buffer (35) containing a cocktail of protease inhibitors (1 mM phenylmethylsulfonyl fluoride [PMSF], 1 pRg of pepstatin per ml, 300 pRg of leupeptin per ml, 1 ,ug of aprotinin per ml), transferred to 1.5-ml conical bottom screwcap tubes, and lysed by two 50-s pulses separated by 1 min on ice in a Mini Bead-Beater (Biospec Products) with 1 ml of prechilled 0.3-mm-diameter zirconium oxide beads (Biospec Products) and 500 ,u of 20% TCA. The supernatant was collected and combined with one 550-,I wash with a 1:1 mix of ice-cold 20% TCA and TCA lysis buffer (20 mM Tris HCl [pH 7.9]), 50 mM ammonium acetate, 2 mM EDTA) containing protease inhibitors. Proteins were precipitated by centrifugation at 12,000 X g for 5 min at 4°C. The white pellet was resuspended in 100 RI of TCA resuspension buffer (3% sodium dodecyl sulfate [SDS], 100 mM Tris base, 3 mM dithiothreitol) and boiled for 5 min.
To assay for accumulation of secretary protein precursors, denaturing immunoprecipitations were performed by adding 50 ,u of the resuspended TCA pellet to 1 ml of NET-2 (50 mM Tris HCl [pH 7.4], 150 mM NaCl, 0.05% Nonidet P-40) containing protease inhibitors on ice. The particulate material was removed by centrifugation at 12,000 X g for 5 min at 4°C and then the supernatant was transferred to a clean microcentrifuge tube. Next, either 5 ,u of rabbit polyclonal anti-BiP (64) or 300 [lI of mouse monoclonal antibody 7B4 directed against S. pombe acid phosphatase (85) was added and allowed to bind on ice. After 30 min, 5 ,u of rabbit anti-mouse immunoglobulin G was added to the tubes containing the mouse monoclonal sera to enhance binding to protein A-Sepharose beads. The reaction mixtures were incubated on ice for a total of 1 h, and then 60 ,u of a 1:1 suspension of protein A-Sepharose beads (Pharmacia) in NET-2 containing protease inhibitors was added. After 2 h of gentle rocking at 4°C, the beads were washed twice with ice-cold NET-2 containing protease inhibitors, twice with ice-cold NET-2 plus 2 M urea, and once with ice-cold 1% P-mercaptoethanol, using brief, gentle vortexing to resuspend the pellet at each wash. The immune complexes were resuspended in 50 pI of 2x SDS-polyacrylamide gel electrophoresis (PAGE) sample buffer, boiled for 5 min, and separated from the beads by brief centrifugation. A total of 15 ,u of each acid phosphatase immunoprecipitation was loaded onto a Mini-Protean SDS-10% polyacrylamide gel (Bio-Rad). A total of 25 pA of each sample immunoprecipitated with anti-BiP was loaded onto a 10% standard-size gel (Hoefer). Following electrophoresis at 100 V, gels were fixed and treated with En3Hance (Dupont), dried, and subjected to autoradiography for 3 weeks at -70°C. VOL. 14, 1994 Phenotypic analysis. Media and transformation procedures employed in the following experiments are described by Moreno et al. (55) and Alfa et al. (1) .
(i) Testing for complementation. To determine whether plasmid-borne alleles could complement the gene disruption, we initially used random spore analysis as described previously (43, 68) . After transforming the strain SpAS1, heterozygous for the srp54::LEU2 disruption allele, with either pSP54-U or vector (pURT2) alone, the diploid was sporulated and the resulting asci were treated with glusulase to release the spores prior to plating. Haploid colonies were gridded and scored for the presence of nutritional markers by replica plating. Subsequently, a simpler complementation test that yields comparable results was developed, taking advantage of the red-white assay to distinguish haploids and diploids that is available for strains derived from Sp629 (1) . In this assay, Ura' diploid transformants are restreaked, and single colonies are picked into 3 ml of minimal medium (EMM2 [55] ) and allowed to grow to saturation. S. pombe diploids form asci in minimal media at a fairly high frequency. The sporulating cultures are diluted 1:1,000 into sterile water, and 10 or 100 ,ul is plated onto EMM2 plus minimal adenine (10 mg/liter; sufficient for Ade-colonies to survive yet continue to accumulate red pigment), with or without 200 mg of leucine per liter. If the ura4-containing plasmid bears an allele that complements the disruption, then haploids that are Ade-(red) Ura+ Leu+ will be abundantly present on both plates. If the allele does not complement, then the plate with leucine will have many red Leu-Ura+ colonies, indicating that sporulation was efficient, while the plate lacking leucine will contain only a few colonies arising from diploids that are Ade+ (white) Leu+ Ura+. Complementing haploids isolated in this way are then restreaked before being gridded for phenotypic analysis to ensure that they are not derived from a mixed colony.
(ii) Testing for dominance. To determine whether the proteins encoded by mutant alleles exhibit dominant interference with wild-type function in the diploid state, we examined the SpAS1 diploids transformed with mutagenized pSP54-U plasmids. These cells, which carry a single copy of the wild-type srp54 sequence in the chromosome and a mutant allele on the multicopy plasmid, were tested for growth at 37, 30, and 18°C by streaking a single colony with a sterile toothpick onto three plates of selective media, always using the last plate streaked as the control (incubated at 30°C). In each case, multiple isolates were analyzed to eliminate interpretation errors due to differences in the number of cells streaked. The plates were removed from the incubator when large colonies were visible on the plate streaked with an isogenic wild-type control strain. As a further control, SpAS1 cells transformed with the vector lacking the srp54 gene were also examined for growth at each temperature.
To test for dominance in haploid strains, it was first necessary to make a version of the complementation plasmid in which the ura4 marker was replaced by a gene conferring adenine prototrophy. The first step in this procedure was to mutagenize the cloned ade6 gene (94) (kindly provided by P. Szankasi) with the following oligonucleotides: AdeAJ-ind, 5' CAAGCCTCAATGGTG 3' (eliminates the HindIII site within the coding sequence);Ade3'Hind, 5' TTGAAGCTTAA TTATCGG 3' (introduces a HindIII site in the 3' flanking sequence); and Ade5'Hind, 5' AACAAGCTlllTGGGC 3' (introduces a HindIII site in the 5' flanking sequence). The 2.6-kb HindIII fragment carrying the ade6 gene was then used to replace the LEU2 gene in the plasmid pIRT2 (78) to produce pAD2. To create a more versatile plasmid, the BamHI site in the ade6 coding sequence was eliminated by mutagen-esis with the oligonucleotide AdeABam (5' CCTCCAAGGAT ACCTACAACCTG 3'), producing pAD3. The BglII fragment containing the srp54 gene from pTZSP54 was then subcloned into the polylinker BamHI site of pAD3 to create pSP54-A. To test for dominant negative effects of mutants in the presence of a wild-type gene at an equal copy number, haploid strains containing the srp54::LEU2 gene disruption in the chromosome and the pSP54-A (wild-type) plasmid and each of the mutant alleles on a multicopy plasmid derived from pSP54-U or the pURT2 vector alone as a control were constructed. Phenotypic analysis was then carried out as described for dominance testing in diploids, selecting continuously for both the Ade and Ura markers. To test for dominant negative effects on growth in a haploid containing an excess of the mutant alleles, the strain CHP428 (ade6-M210 leul-32 his7-366 ura4-d18 srp54 [5] ) was transformed with pSP54-U derivatives containing each altered gene. These were analyzed as for the strains containing the two alleles at an equal gene dosage.
(iii) Microscopic examination. The change in cellular morphology observed upon temperature shift of logarithmic-phase cells was recorded by growing a 50-ml culture of either of the haploid mutant strains T248N and R194L, as well as an isogenic wild-type strain, to an OD600 of ca. 0.5 at 30°C, collecting the cells by centrifugation, and resuspending them in fresh medium preequilibrated at either 30 or 18°C. The cultures were incubated for an additional 4 h at the permissive or restrictive temperature, and an aliquot was placed on a microscope slide and photographed on Kodak Ektachrome 100 color slide film at a X400 magnification, using an Olympus light microscope with a 35-mm camera attachment.
(iv) Determination of growth rates. Growth rates for haploid strains harboring a mutant allele as their sole source of Srp54 were obtained by monitoring the increase in OD600 in minimal medium (EMM2 [55] ) with the appropriate supplements, using a Beckman DU-64 spectrophotometer. For experiments requiring a temperature shift, an overnight culture in EMM2 was subcultured into 200 ml of fresh media and grown at 30 or 37°C, and its OD600 was monitored until growth resumed. Cells in mid-log phase were collected by centrifugation; resuspended in fresh, precooled EMM2; and placed in a shaking water bath at 18°C, and growth was again monitored by measuring OD600.
(v) GTPase assays on immunoprecipitated proteins. Wildtype and mutant Srp54 proteins were assayed for GTPase activity by first preparing an SRP-enriched cell fraction as follows. Cells were grown to an OD600 of ca. 1.0, and the same number of cell equivalents were harvested from each culture by low-speed centrifugation. Each cell pellet was resuspended in 500 ,u of high-salt lysis buffer A (50 mM Tris [pH 8.0], 5 mM magnesium acetate, 500 mM potassium acetate, 20 mg of aprotinin per ml, to which PMSF was freshly added to 0.5 mM) and transferred to a conical bottom 1.5-ml screw-cap cryogenic tube ca. one-third filled with 0.3-,um-diameter acid-washed glass beads (Sigma) on ice. Lysis was performed at 4°C by four 50-s pulses at medium speed in a chilled Mini Bead-Beater, with chilling on ice for 1 min between pulses. The supernatant was removed and combined with 500 RI of buffer A used to wash the beads. The 1 ml of cloudy supernatant was clarified by layering over 500 pI of cold high-salt cushion buffer B (buffer A with 750 mM sucrose), loaded into a Beckman TLS55 rotor, and centrifuged at 12,000 rpm for 10 min. The top layer was then removed, layered over 500 pA of cold buffer B, and centrifuged in a TLA100.2 rotor at 64,000 rpm in a Beckman TL100 tabletop ultracentrifuge for 1 h at 4°C. The resulting supernatant (SEC [87] ), which is moderately enriched for SRP, was then used for native immunoprecipitation. A total of 100 RI of swollen, equilibrated protein A-Sepharose beads was Numbering of restriction sites is relative to the ATG start codon. The positions complementary to the SP54M1 and SP54M2 primers used for PCR amplification to isolate the gene (86) are indicated on the map of the wild-type allele at the top. (B) Genomic Southern blot of the diploid SpAS1, which was transformed with the srp54::LEU2 allele. The DNA was digested with the indicated enzyme, transferred to GeneScreen Plus, and probed with a gel-purified, 32P-labeled 4.2-kb BglII fragment containing the coding sequence. The wild-type gene is carried on a 4.2-kb BglII band, while the modified allele yields a 5.3-kb Bg!II band, the net result of replacing a 1.1-kb fragment with a 2.2-kb fragment. Digestion with EcoRI, which cuts within the LEU2 fragment, produces a 5.8-kb fragment corresponding to the wild-type gene and two fragments of 4.0 and 2.9 kb arising from the disrupted allele (see panel A).
preloaded with either polyclonal antisera directed against Srp54 or with preimmune sera as previously described (86) . The washed beads were pelleted in a microcentrifuge, and the supernatant was removed. A total of 1 ml of NET-2 containing 20 mg of aprotinin per ml and 0.5 mM PMSF was added to 350 RA of the SEC preparation from above and combined with the antibody-bead complexes in a microcentrifuge tube on ice. Precipitation was performed with gentle rocking at 40C for 1 h. The complexes of antigen, antibody, and protein A-Sepharose beads were then carefully washed five times with ice-cold NET-2 and collected by centrifugation. The immune complexes were then evenly resuspended in 50 AI of GTPase reaction buffer (1 mM CHAPSO {3-[(3-cholamidopropyl)dimethylammonio]-2-hydroxy-1-propanesulfonate}, 5 mg of bovine serum albumin [BSA] per ml, 2 mM MgCl2, 2 mM dithiothreitol, 20 mM Tris HCl [pH 8.0]), and 25 AL was removed for each GTPase assay, which was carried out exactly as previously described for the related GTPase Vpsl (100). Thin-layer chromatograms on which the GTP and GDP were resolved were analyzed and the data were quantitated on a Molecular Dynamics Phosphorlmager, using Image Quant software for Microsoft Windows version 3.1.
RESULTS
The Srp54 protein is essential for viability in S. pombe. A gene encoding a polypeptide homologous to both mammalian Srp54 and the E. coh ffl gene product was previously isolated via PCR amplification from S. pombe genomic DNA of a fragment bounded by short stretches of sequence conserved between the human and bacterial proteins (34) . The predicted fission yeast protein is a component of an SRP-like ribonucleoprotein particle (86) , as is the product of an S. cerevisiae gene isolated by the same strategy (34, 35) . Although SRP RNA was shown several years ago to be required for viability in S. pombe (15, 72) , budding yeast cells lacking components of the SRP cycle, including Srp54, the scR1 RNA with which it is associated, and the a-subunit of the SRP receptor, are viable (27, 35, 61) . To assess the generality of this apparent discrepancy, we disrupted the S. pombe srp54 gene to determine whether the protein it encodes is essential for growth. A cloned copy containing extensive flanking DNA was isolated, and a null allele was constructed and introduced into the chromosome in a diploid strain as described in Materials and Methods ( Fig.  1A ). Of 37 transformants selected for further examination, 8 had a stable Leu+ phenotype, indicating that the marker had been integrated. To confirm that integration occurred at the srp54 locus, we performed Southern blot analysis on genomic DNA from several of these diploids. Results for the strain designated SpAS1, shown in Fig. 1B , indicate that it is heterozygous for gene replacement at the srp54 locus. We consider it unlikely that a protein with even partial function is produced from the disrupted allele, since the deleted sequence begins 20 amino acids preceding the fourth GTPase consensus motif, removes a putative GDS-binding site within the G domain (2) , and eliminates the entire M domain.
To assess the phenotypes of cells lacking a functional copy of srpS4, random spore analysis was performed on SpAS1. Analysis of over 400 haploids derived from SpAS1 yielded no Leu+ colonies; data from a representative experiment are shown in Table 1 . Microscopic examination of the sporulation plates after a 5-day incubation at 30'C revealed the presence of microcolonies containing two to three cells. Since this is the terminal phenotype observed after tetrad dissection of spores containing a disruption of the srp7 gene encoding fission yeast SRP RNA (15) , we conclude that cells harboring a null allele of srp54 are likewise able to divide only once or twice.
Additional evidence that Srp54 is required for vegetative growth is provided by the observation that no colonies arose when haploid cells carrying the null allele complemented by pSP54-U were plated on media containing 5-fluoroorotic acid, -2943 SpAsl/pURT2 43 43 0 a The diploid strain SpAS1 (srp54::LEU2Isrp54 ade6-M210/ade6-M216 ura4-i ura4-leul-32/leul-32) was transformed with a plasmid containing the wild-type srpS4 gene (pSP54-U) or the empty vector (pURT2). All three strains were sporulated and tested for growth on selective medium as described in Materials and Methods and in the other footnotes. b Spores were plated first on rich medium (YEA [55] ) to allow growth of all viable spores, which are distinguished from residual diploids by their red color; these were tested for growth on minimal medium.
c Minimal medium (55) supplemented with adenine plus leucine, each at 100 mg/liter. All cells harboring the plasmid (which carries a functional ura4 gene) will grow on these plates. d Minimal medium supplemented with adenine. Cells must carry both the disrupted allele and the plasmid to grow.
which is lethal to cells with a functional copy of the ura4 gene (89) . Most definitively, we took advantage of the red-white assay (see Materials and Methods) for discriminating between haploids and diploids in the Sp629 strain background to rule out the possibility that Leu+ haploids are viable but grow very slowly. When a sporulating culture of SpAS1 was spread at 104 to 105 cells per plate on EMM2 plus uracil plus minimal adenine, no haploid (red) Leu+ colonies were observed even after more than 3 weeks of incubation at 30°C. The presence of thousands of Leu-haploid colonies on a control plate containing leucine indicates that the strain sporulated efficiently. These data demonstrate that the Srp54 protein is essential for growth in S. pombe. Finally, we used genetic complementation to show that the inviability of haploids carrying the null allele is solely a consequence of deleting a portion of the srp54 gene. The wild-type gene on the plasmid pSP54-U rescues spores containing the gene disruption (Table 1) , while the vector alone does not ( Table 1) . As expected, an approximately equal number of colonies carrying the wild-type and disrupted alleles were observed upon sporulating the diploid harboring a plasmid-borne copy of the srp54 gene.
Given that the Srp54 sequence is highly conserved through evolution (reviewed in reference 2), we decided to test whether the gene encoding the S. cerevisiae homolog of this protein (provided by B. Hann and P. Walter) is able to complement our srp54::LEU2 gene disruption. A fragment harboring budding yeast SRP54 was subcloned into a fission yeast shuttle vector (see Materials and Methods), and this construct was introduced into the SpAS1 diploid. Surprisingly, no viable Leu+ Ura+ cells were recovered upon sporulation. A Northern (RNA) blot confirms that the mRNA encoding S. cerevisiae Srp54 is expressed in the diploid (data not shown), and other data (see below) indicate that the heterologous protein stably accumulates in S. pombe. Thus, even though the domain boundaries of the budding yeast and fission yeast proteins closely correspond and they exhibit extensive similarity in amino acid sequence (2, 4, 34), they are not functionally interchangeable.
Repressing Srp54 synthesis results in the accumulation of secretary protein precursors. To determine the effect of gradual depletion of the Srp54 protein on growth and secretion, we took advantage of a recently developed regulated expression system for S. pombe. We were initially surprised to observe that cells harboring srp54 cloned behind the nmtl (no message on thiamine [50] ) promoter continued to grow at a rate indistinguishable from that of a wild-type strain even after long periods in medium supplemented with thiamine. However, pulse-labeling experiments revealed that Srp54 synthesis persists in these cells (data not shown), and data from other laboratories confirm that this promoter produces residual message even under repressing conditions (9, 29) . We therefore adopted two weakened versions of the nmtl promoter, the most impaired of which produces no detectable mRNA under repressing conditions (9) . Figure 2A shows growth data in the presence and absence of thiamine for these cells, in which the sole copy of the srp54 gene is under thiamine regulation. The strain containing the less active variant, pREP8254, shows a significant growth defect, while the strain harboring pREP4254, which produces some mRNA, shows apparently wild-type growth. After an extended period of growth on medium containing thiamine, the pREP8254 strain resumes and sustains a wild-type rate of growth. The rapidity with which this occurs (data not shown) suggests that it is due to a physiological adaptation to diminished SRP function, although we cannot completely eliminate the possibility that it arises through outgrowth of a subpopulation of cells in which thiamine regulation has been bypassed. A critical issue is whether the reduced growth rate of the pREP8254 cells is due to a secretion defect, as would be expected on the basis of recent data for other organisms (discussed in detail in reference 2). To determine whether S. pombe cells depleted of Srp54 display a translocation defect, we used pulse-labeling followed by immunoprecipitation to examine the fates of two ER-targeted proteins, acid phosphatase, which is secreted, and BiP, which remains in the lumen of this organelle. Acid phosphatase exists in three previously characterized forms: a 50.5-kDa cytoplasmic precursor, a 70-kDa core-glycosylated form produced upon translocation into the ER, and a diffuse high-molecular-weight band corresponding to the mature, secreted form (85) . Figure 2B shows the results of immunoprecipitating extracts of the cells for which growth data are shown in Fig. 2A with antibodies directed against acid phosphatase. In the culture lacking thiamine, both core-glycosylated and mature acid phosphatase are produced throughout the time course. In contrast, accumulation of a band corresponding in size to the primary translation product of this protein (16) and a corresponding diminution of the ER translocated forms occurs at Ti, 13.5 h after repression of Srp54 sythesis. At T2, 17.5 h postshift, none of the three forms of acid phosphatase is detectable. In an aliquot of the culture removed at T3, after a wild-type rate of growth had resumed, a faint band corresponding to coreglycosylated acid phosphatase is observed. Thus, the ability to sustain a rapid rate of growth correlates with restoration of the cell's ability to translocate pre-acid phosphatase across the ER membrane.
The other half of the pulse-labeled lysate from each time point was immunoprecipitated with antibodies directed against BiP, an ER-resident protein of the Hsp7O family, with the results shown in Fig. 2C . S. pombe BiP exists in three previously characterized forms: a major 70-kDa unglycosylated ER form lacking the signal sequence, a minor ca. 72-kDa ER form carrying an asparagine-linked carbohydrate chain, and a ca. 73-kDa precursor form that is difficult to resolve from the glycosylated ER species (64) . The two higher-molecularweight forms of BiP comigrated in the experiment for which results are shown in Fig. 2C . Thus, to distinguish between the mature, glycosylated form of the protein and the cytoplasmic precursor, we divided the immunoprecipitates and treated one half with endoglycosidase F (Endo F) which cleaves N-linked Methods. In addition to T1 and T2 indicated in panel A, a third aliquot of the culture was labeled at T3, after a wild-type rate of growth had been reestablished in the pREP8254-containing cells propagated in medium containing thiamine (see text). Cells were harvested and disrupted, and half of each lysate was subjected to denaturing immunoprecipitation with anti-acid phosphatase (see Materials and Methods for details). The labeled proteins were resolved by electrophoresis and visualized by autoradiography. (C) Denaturing immunoprecipitation with antibodies directed against S. pombe BiP. The second aliquot of the pulse-labeled lysate from each time point was immunoprecipitated with antibodies directed against this ER-resident protein. The BiP immunoprecipitates were divided in two, and half of the material was treated with Endo F to remove N-linked sugars. carbohydrate chains at the junction with the protein; the Endo F-resistant high-molecular-weight band represents the residual untranslocated BiP precursor. At time points T1 and T2, a slightly higher fraction of the total radioactivity corresponds to this species in the samples taken from cells grown in the presence rather than in the absence of thiamine (Fig. 2C,  compare lanes 11 and 8) . The notion that the BiP precursor accumulates to a minor degree at these time points is supported by the results of another experiment (not shown) in which the primary translation product was resolved from the core-glycosylated form. Nonetheless, the effect of Srp54 depletion on the translocation of BiP across the ER membrane appears to be minimal compared with the dramatic effect observed for acid phosphatase (see Discussion). Importantly, radioactively labeled products were precipitable with anti-BiP at all time points, in contrast to acid phosphatase, which is virtually undetectable a short time after the growth defect is manifest. The lack of apparent BiP precursor accumulation at T3 (Fig. 2C, compare lanes 9 and 12) , after wild-type growth has resumed, correlates with the reappearance of core-glycosylated acid phosphatase at this time point.
Point mutations in the G domain are deleterious to the growth of haploid cells. (i) Design and analysis of mutations.
As noted in the introduction, members of the GTPase super-family contain four signature sequence motifs, designated G-1 through G-4 (14) , which position critical residues for nucleotide binding and hydrolysis (57, 62, 69) . The conservation of topological features surrounding the bound GTP even in highly divergent family members makes it reasonable to assume that the corresponding regions of proteins for which X-ray crystallographic data are not yet available, such as Srp54, adopt similar tertiary structures. Consistent with this notion, a secondary structure prediction on the S. pombe Srp54 G domain sequence, using the PHD program (76) , places the G-1, G-3, and G-4 motifs in the same secondary structure contexts as in Ras and EF-Tu (49) . Thus, to design mutations in fission yeast Srp54 whose effects would be interpretable, we used other members of the GTPase superfamily in which analogous substitutions have been studied as a guide. Residues were targeted within each of the four consensus motifs in order to determine whether any or all of the known GTPase functions of guanine ring binding, A-and -y-phosphate binding, and GTP hydrolysis are functions of Srp54 in vivo. The 17 mutants constructed are shown in Fig. 2 , together with an alignment of boxes G-1 through G-4 from the S. pombe protein with the corresponding regions of a representative set of diverse family members. Each allele was tested for the ability to function as the sole copy in a haploid, using a complementation assay -Lethal a Mutants were tested for the ability to function in the absence of a wild-type copy, using a complementation assay (see Materials and Methods for details). Briefly, a plasmid bearing each allele was transformed into the diploid strain SpAS1, which is heterozygous for gene disruption at the srp54 locus; this was followed by sporulation and analysis of haploids for the relevant nutritional Plate assay for cold sensitivity of Srp54 G domain mutants. This photograph shows the growth of haploid S. pombe cells that harbor a disrupted chromosomal copy of the srp54 gene and an extrachromosomal plasmid carrying either a wild-type (wt) or the indicated mutant allele. The cells were streaked onto selective medium (EMM2 [55] ), and the plates were incubated at either 30 or 18°C. followed by screening of viable strains for conditional growth defects, with the results shown in Table 2 . In the following sections, the Srp54 GTPase mutants are grouped according to their functional implications.
(ii) Point mutations designed to affect guanine ring binding. A hallmark of the subfamily of GTPases that includes Srp54 and a few other proteins, represented in Fig. 3 by dynamin, is the presence of threonine in place of asparagine at a conserved position (248 in S. pombe Srp54) in the G-4 motif (reviewed in references 2 and 14). The amide functional group of E-116, the corresponding residue in Ras, stabilizes the guanine binding pocket through hydrogen bonds to the main chain at-amino group of V-14 in G-1 (98) , and mutations at this position weaken the affinity of the enzyme for nucleotide (reviewed in reference 65). Restoration of the GTPase superfamily consensus in Srp54 produces cold sensitivity ( Table 2 ; Fig. 4 ) and, in common with other conditional mutants described below, cells with a T-to-N change at position 248 (T248N) display an aberrant morphology at the nonpermissive temperature. The conservative substitution T248S supports wild-type growth of haploid cells, while T248K and T248R, which introduce bulky, G-2 G-3 G-4 (14) are shown at the top. X, any amino acid; J, a hydrophilic amino acid; 0, a hydrophobic amino acid. The next four lines show the corresponding regions of proteins from diverse branches of the GTPase superfamily (taken from reference 14), followed by two SRa sequences and three Srp54 sequences. Uppercase letters, amino acids that fit the consensus sequence; lowercase letters, amino acids that do not fit the consensus sequence; boldface letters, highly conserved residues; open type letters, residues characteristic of the SRP branch of the GTPase superfamily. Amino acid substitutions generated by oligonucleotide-directed mutagenesis (see Materials positively charged amino acids, fail to complement ( Table 2 ). These observations indicate that correct recognition of the guanine ring is critical for Srp54 function in vivo, since gross changes at position 248 are lethal and even a subtle structural perturbation has deleterious consequences. (iii) Point mutations designed to afect catalysis. While Arg-194 in the G-3 motif of S. pombe Srp54, like Thr-248, is conserved within the SRP protein subfamily (reviewed in reference 2), Gln is found at the corresponding position of ras and other small GTPases, and His is conserved among elongation factors (14) . Structural studies imply a direct role for this residue in catalysis (69) , and the mutation Q61L in ras produces a 90% drop in the hydrolysis rate without affecting GTP binding (96) . The R194L and R194H substitutions in fission yeast SrpS4 give rise to cold sensitivity ( Table 2 ; Fig. 4 ), as did a Q-to-L change at the equivalent position of the distantly related S. cerevisiae Sec4 protein, a small GTPase of the ras-related rab family required for the final stage of secretion (104) . As illustrated in Fig. SB , cells harboring the R194L allele as their sole source of SrpS4 protein display a highly aberrant morphology after prolonged incubation at the nonpermissive temperature: at 4 h postshift, the culture contains a significant fraction of enlarged, highly vacuolated cells that are frequently rounded and exhibit a marked tendency to aggregate. Even at the standard growth temperature, 30°C, some R194L cells appear rounded (data not shown). Remarkably, despite the grossly altered morphology of this mutant and T248N at low temperature, their growth arrest is reversible even after a week at 18°C (data not shown). In contrast, when these strains are propagated at 30°C, the cultures contain exclusively cells with an elongated, cylindrical appearance and a medially located septum (illustrated for T248N in Fig. SA) ; this is the typical morphology observed in a rapidly dividing fission yeast culture. A surprising result from this series of mutants is that restoration of the ras consensus in the R194Q SrpS4 mutant is lethal ( Table 2) , which may imply that the structure of the active site or the catalytic mechanism differs slightly in the SRP subfamily or, more likely, that SrpS4 has an intrinsically lower hydrolysis rate than Ras. The lethality of mutations designed to reduce catalytic efficiency provides the first evidence that SrpS4 hydrolyzes GTP during its functional cycle in vivo.
(iv) Other point mutations designed to produce GTP-locked Srp54. X-ray crystallographic studies of Ras indicate that the £-amino group of Lys-16 hydrogen bonds to the 3-and -y-phosphates of GTP, which has been proposed to stabilize the transition state (69, 105) . The effects of mutating several other positions in the G-1 and G-3 motifs of fission yeast Srp54 are compatible with the idea that they also participate directly in GTP hydrolysis, since mutating the homologous position (K-114) in Srp54 to G or R is lethal ( Table 2) . Also located in G-1 is the infamous Gly-12, the residue most frequently mutated in ras-related human tumors (8) . Although not strictly conserved (14) (Fig. 3) , it is evident from the crystal structures of Ras and EF-Tu that only amino acids with small side chains can be accommodated at this position. In S. pombe Srp54, restoring the Ras consensus (QlOG) or substituting a small but negatively charged side chain (QilOE) confers no obvious growth defect in haploid cells ( Table 2 ; Fig. 4) , while Ql1OR and Q1 10K, which are analogous to the most deleterious ras mutants, do not support growth.
(v) A point mutation designed to produce GDP-locked Srp54. The final goal of our mutagenesis experiments was to test the in vivo effects of locking the protein in the GDP-bound state. Ser-17 in Ras binds a Mg2" ion that coordinates nonbridging oxygens of the f-and y-phosphates, and mutating this residue to Asn produces a protein with a much higher affinity for GDP than GTP (26) . A mutation equivalent to S17N in S. cerevisiae Cdc42 also produces functional defects and, like the analogous ras allele, interferes with the function of the wild-type protein (see below). In Srp54, the conservative substitution T115S supports wild-type growth, while T115N is inviable ( Table 2) , indicating that the ability to correctly recognize the terminal phosphates of GTP is critical for the function of Srp54 in vivo. The mutation D19ON, which affects the position in Srp54 homologous to a second Mg2" ligand in Ras (14) , is also lethal ( Table 2) .
The R194L mutant is a less proficient GTPase than wildtype Srp54. To confirm that a mutant predicted to be catalytically defective on the basis of analogy to other GTPases does indeed display impaired enzymatic activity, we assayed GTP hydrolysis by wild-type Srp54 and the R194L mutant immunoprecipitated under native conditions from an SRP-enriched cell fraction. The results of a typical experiment with the wild-type protein, shown in Fig. 6A , reveal that significant GDP is produced by enzymatic hydrolysis compared with the control containing buffer only even after 1 min. Figure 6B shows a graph of data derived from quantitating the assays shown in Fig. 6A , together with analogous data for the R194L mutant. As a control for hydrolysis due to other GTPases, assays were performed on proteins precipitated from both wild-type and R194L cells by preimmune sera. Both the wild-type and the mutant protein display activity which is particularly evident over the relatively high background at the 1-min time point. However, the R194L mutant does not hydrolyze nearly as much GTP in this interval as the wild-type protein, and its activity appears to level off by the 10-min time point. These differences cannot be attributed to the efficiency of the immunoprecipitations, since nearly equal quantities of protein were recovered in each case (data not shown). In a different experiment (not shown), a mutant designed to affect guanine ring binding, T248N, was found to hydrolyze an amount of GTP equivalent to the wild-type protein throughout the interval measured. Several alleles produce dominant inhibition of growth. A common observation in studies of a diverse array of GTPases in vivo is that a subset of mutant alleles exhibit dominant inhibition of growth when expressed in conjunction with the wild-type protein (91, 108) . We were therefore somewhat surprised to obtain abundant, healthy diploid transformants showing the results of GTPase assays and control reactions for the wild-type protein and for the R194L mutant. The amount of each nucleotide resolved by thin-layer chromatography was quantitated by Phosphorlmager analysis. Two different exposures were taken when necessary to optimize the quantitation of both unreacted GTP and the GDP product. with all of our mutant alleles. However, the observation that half the normal dosage of wild-type srp54 in a diploid strain is deleterious to growth at high or low temperatures (data not shown) prompted us to test whether the GTPase mutants in the heterozygous state are growth impaired at 18 and 370C. As documented in Table 3 (middle columns) and Fig. 7 , incubation at extreme temperatures of either haploid or diploid strains containing the mutant allele on a high-copy-number plasmid and a single copy of the wild-type gene in the chromosome resulted in several cases in either severely inhibited or fully wild-type growth. The vast majority of the mutants showed colonies of intermediate size, comparable to the vector control, and were not examined further. To determine whether alleles that produced growth inhibition when present in excess over the wild type are truly dominant, we examined them in haploid strains carrying either a disrupted allele (Table 3 ) or a wild-type copy (Fig. 8) in the chromosome and both a wild-type and a mutant gene on a plasmid. The same subset of mutants displayed dominance when the wild-type and altered genes were present at equal dosages, although the effects were less dramatic in some cases than with the mutant in excess.
Importantly, a pattern in which the alleles that displayed dominant inhibition of growth were those designed to produce SrpS4 locked in the GTP-bound state was readily discerned, while the sole lethal mutant that exerted no detectable interference with wild-type function in the heterozygous state was designed to exist predominantly in the GDP-bound form.
Unexpectedly, budding yeast Srp54 also produced dominant inhibition of growth in S. pombe ( Table 3 ), suggesting that it interacts with one or more components of the fission yeast SRP cycle (see Discussion).
DISCUSSION
In the work reported here, we used a battery of genetic tests to demonstrate that the product of the srp54 gene is indispensable for growth in S. pombe. Moreover, experiments in which this protein was expressed under the control of a regulated promoter indicate that this protein is involved in the targeting of proteins to the ER in this organism, as in others (reviewed in reference 2). Strikingly, one of the ER-targeted proteins that we examined, pre-acid phosphatase, appeared to be almost completely dependent on SRP for entry into the secretary pathway, since nearly all of the material synthesized during a brief pulse accumulated in the precursor band. This pattern contrasts with the behavior of the ER resident protein BiP, in which the majority of the radioactivity was found in translocated forms of the protein, with only a minor accumulation of precursor. In both E. coli and S. cerevisiae, depleting Srp54 also affects different proteins to different degrees (3, 35, 63) ; it is therefore likely that all three organisms possess a mechanism for SRP-independent protein targeting. The essen- interference at equal gene dosages, a subset of the muta assay on haploid strains harboring the altered allele on a and a wild-type allele on an ade6 plasmid with the same c 8). As a control (not shown), each mutant allele was also vector lacking the wild-type srp54 gene, with results ide in haploid complementation assays ( Shown is the growth of haploid S. pombe cells that harbor a disrupted chromosomal srpS4 allele and two multicopy plasmids, one carrying wild-type (wt) srp54 and one carrying the indicated G domain mutant.
The cells were streaked onto selective medium (EMM2 [55] ), and the plates were incubated at either 30 or 18°C. the S. cerevisiae homolog of BiP is profoundly affected by loss of the SRP pathway, while depleting Srp54 in S. pombe had only a minor affect on this protein, suggests that this view is oversimplified. For example, the indispensability of SRP in S. pombe (and E. coli) may be due to an absolute requirement for ++ ++ ++ this factor in the export of one or a few essential proteins.
These observations underscore the emerging notion that there + ++ -is a complex interplay between SRP-dependent translocation and other mechanisms for maintaining proteins in an unfolded state for delivery to the ER, at least one of which is likely to involve members of the cytoplasmic Hsp7O family (18, 24) . Moreover, a recent study demonstrates that depletion of Srp54 in S. cerevisiae results in induction of both cytoplasmic heat + ++ shock proteins and BiP (6) , consistent with our observation that BiP continues to be synthesized at high levels in S. pombe 54 was present in excess even when acid phosphatase translation products are undetect-:or gene disruption at the able (Fig 2) plasmid were scored for ( Fig   7) . To test for dominant This report also presents evidence derived from both in vivo Lnts was tested in a plate and in vitro experiments that the fission yeast Srp54 protein is multicopy ura4 plasmid an active GTPase that most likely hydrolyzes GTP by a rigin of replication (Fig. mechanism analogous to that of Ras and other extensively cotransformed with the ntical to those obtained studied members of this enzyme superfamily. In cycling between a GTP-bound on state and a GDP-bound off state, these proteins adopt dramatically different conformations (10, 52) that have unequal affinities for upstream and downstream S. pombe versus the effectors. These properties allow GTPases to serve as a versaevisiae might imply tile binary switch that comes with a built-in timer, since in most traversed route for cases their hydrolysis rates are extraordinarily low in comparhe observation that ison with those of other NTPases, except in the presence of a GTPase-activating protein (GAP) (reviewed in references 12, 14, and 65). Because the affinity of GTPases for nucleotides is 18' extremely high, a second accessory factor, most recently Wt termed a guanine nucleotide dissociation stimulator (GDS), is D138N required to complete the catalytic cycle by promoting displacement of GDP (reviewed in references 12, 14, and 65). The protein is then returned to the active state by the immediate _ l acquisition of GTP, which is present at a higher intracellular concentration than GDP (14) . Well ribosome from which the signal sequence of a nascent presecretory protein has just emerged is depicted at the top. For reasons described in the text, we propose that SRP containing the GTP-bound form of Srp54 recognizes this complex and targets it to the membrane. Upon binding of Srp54 to SRot on the cytoplasmic face of the ER, an Srp54 GAP (most likely the receptor itself; see the text) stimulates GTP hydrolysis by Srp54, resulting in transfer of the signal sequence to a component of the translocon. SRP containing Srp54 in its GDP-bound form is then released from the membrane, followed by a return to the GTP-bound state through the action of a GDS (possibly the Srp68 protein; see the text), thereby setting the stage for another round of targeting. The dashed arrows at the bottom right of the figure indicate that both the number and the nature of the intervening steps are unknown. (B) Competition between SRP-dependent and SRP-independent pathways for translocation sites. The sequence of events shown at the left is the same as in panel A. To explain the conditional dominant effects of GTP-locked Srp54 mutants (see the text), we propose that SRP containing the defective proteins (bottom right, indicated by dark shading) impedes the progress of ribosomes complexed with SRP containing wild-type Srp54 (middle). The inability of these nascent chain-ribosome complexes to disengage from the translocation pore blocks the access of secretary polypeptides that arrive at the membrane either via SRP-mediated targeting (route 1) or an alternative pathway involving a heat shock protein or another molecular chaperone (route 2). ribosome (11, 74, 110) . Second, the active, GTP-bound form of the a-subunit of a heterotrimeric G protein interacts with downstream effectors to transduce a signal which is terminated by hydrolysis of GTP. By analogy to these proteins, SrpS4 could function as a component of a switching mechanism to ensure unidirectionality of the targeting reaction at the membrane (11, 54) .
Our working model, shown in Fig. 9 , is based on the switching paradigm. Specifically, we believe that GTP hydrolysis by Srp54 occurs at the ER membrane and serves to regulate transfer of the signal sequence to the translocation machinery. This model was developed principally from the patterns of dominance displayed by mutations in the fission yeast Srp54 protein but also takes into account the results of in vitro experiments with mammalian components. First, because a mutant which was designed to bind preferentially to GDP does not interfere with the function of the wild-type protein, we propose that Srp54 GDP does not interact with the ribosome-nascent chain complex and, as a consequence, cannot engage and block the function of the membrane-bound translocation machinery. On the other hand, we postulate that the dominant negative effects of mutations predicted to trap the protein in the GTP-bound state are due to the formation of dead-end complexes with the SRP receptor; this is consistent with the observation that nonhydrolyzable GTP analogs stabilize the association of SRP with the ER membrane in vitro (22) . At what point does GTP hydrolysis occur, i.e., when does Srp54 encounter its GAP? We postulate that this function is served by SRa, since in enzymatic assays with both mammalian (54) and bacterial (53) components, GTP hydrolysis by Srp54 was stimulated in the presence of the receptor. Furthermore, our model stipulates that the conformational change in Srp54 upon returning to the GDP-bound state results in release of the signal sequence to a component of the translocon, a likely candidate being the Sec6l protein (33, 56, 83) . The sequence of events depicted in Fig. 9A contrasts with a model recently described by Miller et al. (54) , in which Srp54 was proposed to engage the ribosome in an unprecedented nucleotide-free state, with acquisition of GTP upon binding to the SRP receptor triggering signal sequence release (see below).
Although it is clear from biochemical experiments with mammalian components that GTP hydrolysis by SRa is critical for ER translocation (71) , no specific model for which step of the SRP cycle is regulated by this protein has been presented. We have used comparative sequence analysis in an effort to fill in this gap. Specifically, based on the conservation of a putative GDS binding site between SRot and Srp54, together with the presence in the Srp68 protein of sequence motifs found in guanine dissociation stimulators for small Ras-related GT-Pases, we recently hypothesized that this SRP component serves as the GDS for SRa (2) . To explain the order of events at the ER membrane, we propose further that Srp68 can gain access to SRa only after the signal sequence is released by Srp54 and that the conformational switch in SRa upon replacement of GDP with GTP triggers release of SRP, thereby ensuring that Srp54 cannot rebind the signal sequence and begin a futile cycle. While even less information is available concerning the role of SRP, it seems reasonable to suggest that the G domain of this protein might serve as a switch to relay information about the state of the translocation apparatus (71) , perhaps via stimulation of GTP hydrolysis by SRa. In Fig.   9A , the speculative nature of the steps that occur after GTP hydrolysis by Srp54 but prior to the return of SRP containing GDP-bound Srp54 to the soluble pool is indicated by dashed arrows.
To complete its catalytic cycle, Srp54 must exchange GDP for GTP, presumably through the action of a GDS protein, in preparation for another round of signal sequence binding. In addition to the comparative sequence analysis mentioned in the last paragraph, our finding that GDP-locked Srp54 does not interfere with the function of the wild-type protein is consistent with the idea that this factor is Srp68. Specifically, Srp54 -GDP displays recessive behavior, while mutations that trap Ras and other small GTPases in their GDP-bound forms produce dominant lethality as a result of sequestering the relevant exchange factors (25, 84, 108) . This disparity suggests that the GDS for Srp54 is a component of signal recognition particle itself, since SRP proteins are tightly associated with the RNA (40), while the small GTPases employ GDS proteins that are free to dissociate. In contrast to mutations predicted to diminish the rate of nucleotide exchange, a change in the region of Srp54 corresponding to the site of GAP stimulation in other GTPases (reviewed in reference 65) produces dominant negative growth defects, suggesting by a similar argument that the latter factor is not part of SRP. This observation is also compatible with our model since, by analogy to Ras (101), the mutant protein is expected to compete with wild-type Srp54 for binding to SRa or another hydrolysis stimulator, yet be unresponsive to its action. The dominance displayed by the S. cerevisiae Srp54 protein may be a consequence of its ability to sequester SrpS4 GAP or another component of the fission yeast SRP cycle. Why are some mutants detrimental in the presence of wild-type SrpS4, while others are not? We propose that this is because proteins targeted to the ER by SRP compete with those maintained in a translocation-competent state by other mechanisms for a limited number of protein-conducting channels, as illustrated in Fig. 9B . Dominant negative effects upon mutating proteins that function as dimers or in higher-order complexes are frequently observed, and a polysome translating a presecretory protein can be thought of as a multimer of signal recognition particles joined by a common mRNA. If Srp54 * GTP forms a dead-end complex with the SRP receptor in which the translation arrest cannot be released, the progress of ribosomes associated with wild-type SRP will also be blocked (Fig. 9B ). Stated differently, mutant Srp54 anchors wild-type Srp54 to the ER membrane, where the mixed polysome sequesters the translocation apparatus and prevents import of proteins that arrive at the ER through either the SRP (Fig. 9B , route 1) or an alternative (Fig. 9B, route 2) pathway. In the absence of the wild-type protein, the mutant Srp54 sequesters only the SRP receptor, and chaperonemediated translocation can proceed unimpeded. The net consequence is that the alternative pathway(s) for protein export can compensate for the effects of srpS4 GTPase mutants when they are present in the homozygous but not in the heterozygous state.
Our data on the effects of srp54 mutants in vivo cannot be reconciled with models proposed by earlier investigators for the operation of the SRP cycle. First, Connolly et al. (22) suggested that SrpS4 is not an active GTPase but rather that nucleotide hydrolysis by SRa. is responsible for release of the signal sequence. The in vivo consequences of mutations in the GTPase consensus motifs clearly demonstrate their functional importance, and moreover, our proposal that a conformational change in Srp54 itself causes release of the signal sequence seems more likely than the alternative view that this event is triggered by another protein. Second, Ogg et al. (60) proposed that the GDP-bound form of Srp54 binds the signal sequence and engages the receptor, which is incompatible with the recessive behavior of our SrpS4 mutants locked in this state. Third, Miller et al. (54) proposed that GTP hydrolysis by SrpS4 triggers the release of SRP from its receptor, which is contradicted by our observation that catalytically defective proteins are more detrimental in the heterozygous state; if SRP were released from the membrane only after Srp54 had disengaged from the signal sequence, then hydrolysis-defective mutants should not block access of proteins delivered to the proteinconducting channel by SRP-independent mechanisms (Fig.  9B) .
Two additional considerations make our model even more compelling. First, the sequence of events that we postulate during the catalytic cycle of Srp54 (Fig. 9A) incorporates the idea that this protein functions in a manner analogous to well-characterized GTPases, in which the nucleotide-free form occurs only transiently following GDP release stimulated by a GDS factor (reviewed in references 14 and 65); this contrasts with the proposal of Miller et al. (54) that the nucleotidebinding site is empty at the time of initial contact with the signal sequence. Second, our model parallels the working model for the rab family of small GTPases involved in vesicular trafficking (reviewed in references 28 and 58). The common theme is that a soluble pool of a GTP-bound targeting protein binds to its cargo in the cytoplasm and only upon arrival of the complex at the membrane surface does it come into contact with the appropriate GAP. In both cases, interaction of the targeting molecule with a distinct receptor on the membrane surface endows the targeting reaction with specificity, while GTP hydrolysis at the membrane ensures efficient and unidirectional delivery of the cargo to its destination.
In summary, we have tested the effects of a variety of site-specific mutations in the GTPase consensus motifs of the fission yeast Srp54 protein. Most revealing was the pattern of dominant inhibition of growth displayed by these mutants when expressed in combination with the wild-type protein, which led to a new working model for the role of GTP hydrolysis by Srp54 during the SRP cycle. While our data by no means provide definitive proof of this hypothesis, they are incompatible with earlier proposals. Because of the complexity presented by three interacting GTPases, genetic analysis is likely to remain an extremely valuable tool to gain insight into the function of the SRP cycle.
